High-grade serous ovarian carcinoma (HGSOC) is the most common and aggressive form of epithelial ovarian cancer, for which few targeted therapies exist. To search for new therapeutic target proteins, we performed an in vivo shRNA screen using an established human HGSOC cell line growing either subcutaneously or intraperitoneally in immunocompromised mice. We identified genes previously implicated in ovarian cancer such as AURKA1, ERBB3, CDK2, and mTOR, as well as several novel candidates including BRD4, VRK1, and GALK2. We confirmed, using both genetic and pharmacologic approaches, that the activity of BRD4, an epigenetic transcription modulator, is necessary for proliferation/survival of both an established human ovarian cancer cell line (OVCAR8) and a subset of primary serous ovarian cancer cell strains (DFs). Among the DFs tested, the strains sensitive to BRD4 inhibition revealed elevated expression of either MYCN or c-MYC, with MYCN expression correlating closely with JQ1 sensitivity. Accordingly, primary human xenografts derived from high-MYCN or c-MYC strains exhibited sensitivity to BRD4 inhibition. These data suggest that BRD4 inhibition represents a new therapeutic approach for MYC-overexpressing HGSOCs.
pithelial ovarian carcinoma (EOC) is often lethal, in part because it is often first detected at an advanced stage. Despite a high initial response rate (∼80%) to carboplatin and paclitaxel chemotherapy, most such cancers eventually recur, accompanied by acquired resistance to chemotherapy. This history typically results in death within 5 years (1). High-grade serous ovarian carcinoma (HGSOC) is the most common form of EOC and accounts for two thirds of its deaths. Genetically, the most prominent hallmarks of these cancers are mutations in TP53 and significant gene copy number aberrations (2) (3) (4) .
The development of relevant targeted therapeutics in HGSOC has been limited, in part, by a lack of validated oncogenic drivers. A comprehensive analysis of numerous tumors by The Cancer Genome Atlas (TCGA) project confirmed the absence of high-frequency oncogenic point mutations in druggable genes (3) . In addition, widespread DNA copy number changes in ovarian cancers have, with few exceptions, made difficult the identification of high-frequency, focally amplified genes encoding druggable proteins (3, 5) .
To detect genes active in the in vivo expansion of HGSOC, we designed an in vivo shRNA screen for use in human xenografts of an HGSOC ovarian cancer cell line (OVCAR8) and tested the effects on its viability of depleting each of ∼800 druggable genes. We explored the therapeutic relevance of the BET bromodomain protein BRD4, which was revealed as a druggable gene product in this screen, by assessing the outcome of depleting or inhibiting its activity in primary HGSOC cell strains (DFs). These tumors were predominantly derived from patients with chemotherapy-resistant HGSOC. Those primary tumor strains which expressed BRD4 and overexpressed either MYCN or c-MYC lost proliferative capacity following BRD4 depletion or inhibition in culture as well as in vivo.
Results
An shRNA-Based In-Tumor Ovarian Cancer Screen Identified 40
Candidate Therapeutic Target Genes. We designed an shRNAbased negative selection screen to search for genes necessary for survival/proliferation of an ovarian cancer cell line growing as tumor masses in immunocompromised mice (described in Fig. 1A and SI Materials and Methods). The screen used a lentiviral library encoding ∼8,000 shRNAs directed at all human protein kinases plus ∼300 putative oncoproteins with an average of 10 shRNAs per gene. OVCAR8 (OV8) cells, an established human, serous ovarian cancer cell line, were infected with pools of ∼2,000 shRNA expressing lentiviruses, each of which included ∼100 control shRNAs designed to target irrelevant genes (LacZ, GFP, RFP, and Luc). An aliquot of infected cells was kept as a reference sample, whereas the rest was injected into immunocompromised NGS mice, which led to tumor formation. The relative abundance of each shRNA in each tumor sample was compared with its original abundance in the reference sample by sequencing. This value was then expressed as fold change (FC). The rationale was that a cell carrying an shRNA sequence affecting its proliferation/survival would be selected against during tumor growth and thus be underrepresented in the emerging tumor and result in an FC <1.
To determine whether cells growing in mice subcutaneously or intraperitoneally yielded similar or different results in the screen, we performed a pilot screen with a single library pool of 2,000 lentiviruses in each condition (Fig. 1) . Infected cells were injected either intraperitoneally or subcutaneously (SQ) and tumor
Significance
The observations presented here demonstrate that inhibition of the BET bromodomain protein, BRD4, is a potential therapeutic approach to high-grade epithelial ovarian cancers that exhibit elevated MYCN expression. As BRD4 inhibitors enter clinical studies, these findings provide a rationale for stratification of patients in whom to test the effects of BRD4 inhibition.
material was subsequently harvested from each tumor-bearing animal. For peritoneal samples, ascitic fluid-containing tumor cells (ascites) and solid tumors (IP) were separately collected and analyzed. Overall, the experimental shRNA FC values were unexpectedly similar across the three experimental settings (SQ, ascites, and IP; Fig. 1 B and C) . We also observed a few outlier shRNAs the effects, of which were not reproduced by other shRNAs that targeted the same genes.
The remainder of the in vivo screen was then conducted in the subcutaneous setting, which led to less variability among replicate results than did IP tumors. Within each pool, each shRNA FC value was assigned a z-score. This value represents the number of standard deviations (σ) by which it differs from the average of the control shRNA distribution (see SI Materials and Methods for additional details). The distribution of these scores (Fig. 1D ) revealed the presence of two partially overlapping normal distributions, which implied that significantly underrepresented shRNAs concentrated in a distribution that peaked between −2σ and −3σ. To minimize the false-positive discovery rate, we defined a candidate target gene on the basis of two parameters: (i) at least three shRNAs targeting the same gene scored less than −2σ and (ii) the average FC (defined as the average of all of the shRNAs FC targeting such a gene) was significantly lower than what was observed for the control genes (see SI Materials and Methods for additional details).
We identified 40 candidate target genes that met both of these criteria ( Fig. 1F and Table S1 ). For each, the targeting shRNAs with the lowest z-score (best shRNA) and the second lowest z-score (second best shRNA) had similar z-score values (Fig. 1E) . Notably, the candidate target genes included ERBB3 and PLK1, which were routinely used as positive controls in OV8, supporting the validity of the analysis. It also included genes reported or previously suggested to be potential targets in ovarian cancer such as ERBB3 itself (6), AURKA (7), CDK2 (8), and FRAP1 (mTOR) (9) . However, other candidate genes that emerged in the screen were reported to be overexpressed in ovarian cancer or suggested to have a putative functional role in this disease, including CKB (10, 11), NME1 (12), PFKFB3 (13), PLK1 (14) , PRKAA1 and PRKAB2 (15), PIK3CD (16) ATM (17) , and FGFR1 (18) . Most of the other candidate target genes detected in this screen were heretofore unreported in HGSOCs. A Gene Ontology (GO) term functional enrichment analysis aimed at identifying biological processes represented by the pool of candidate genes is reported in Fig. 1G .
Candidate Target Gene Evaluation in OV8 and Ovarian Cancer Primary
Cell Strains (DFs). To further test the validity of the screening results, we sampled the effects of 15 candidate genes (Fig. 2) . Each of them was selected because there were available data regarding the expression of its protein product in at least a subset of primary HGSOC human tumors (available literature and the public Protein Atlas database) (19) . We tested the effect of depleting each relevant mRNA on ovarian cancer cell proliferation/survival by using, in each case, the gene-specific shRNA that resulted in the second lowest z-score in the screen (second best shRNA). This approach would likely result in an effect large enough to be measured in further assays while reducing the probability of observing effects exclusively associated with off-target activity of the single shRNA that gave the best readout in the screen. The ability of each relevant hairpin to deplete its target RNA in OV8 cells was measured by quantitative RT-PCR (qRT-PCR) ( Fig. 2A) . In parallel, we assessed its effect on OV8 proliferation/survival (Fig. 2B) . We observed that all tested shRNAs depleted their respective target mRNA and compromised survival/proliferation in cultured OV8 cells.
To assess the therapeutic potential of these genes in primary HGSOC strains, we designed a GFP-based competition assay to overcome the relatively low lentiviral infection efficiency of these cells (Fig. 2C) . Briefly, each shRNA was cloned in a GFPexpressing lentiviral vector, so that all cells expressing a hairpin would be GFP positive (GFP+). We then measured, over time, the fraction of each infected culture that scored as GFP+. The expectation was that, if an shRNA linked to the GFP gene inhibited proliferation or viability, the percentage of GFP+ cells would drop over time.
We first validated this approach by confirming that depletion of each of the 15 selected candidate genes significantly affected survival/proliferation of OV8 cells (Fig. 2D) . We next selected two primary HGSOC strains, DF14 and DF37, that displayed the best lentiviral infection efficiency and assessed the expression of these genes (Fig. S1A ) and the effect of their depletion by GFP competition assay (Fig. S1 B and C) . The results showed that the sampled genes were expressed in both primary strains and that the introduction of shRNA directed against the relevant candidate gene mRNA resulted in decreased proliferation/survival. BRD4 Activity Is Necessary for OV8 Proliferation. Among the identified candidate genes, we focused on BRD4, a BET bromodomain protein-encoding gene whose role in ovarian cancer had not been investigated previously. Moreover, its product can be functionally inhibited by readily available small molecule inhibitors. Multiple BRD4 shRNAs (shBRD4) used in the screen were tested for their effect on proliferation rate in OV8 (Fig. 3A) . The top scoring shBRD4s from the screen significantly decreased the proliferation rate of OV8 cells as shown by GFP competition assay (Fig. 3B) . By contrast, the shBRD4s that did not score positively in the screen (shBRD4, 5 and 6) (i) failed to deplete the target mRNA as extensively (Fig. S2A ) and (ii) did not significantly affect OV8 proliferation (Fig. 3B) . Overall, the effects on proliferation rate were, in general, proportional to the extent of BRD4 mRNA depletion. In addition, because the effect of shBRD4 could be rescued by expression of an ectopic BRD4 gene (Fig. S2 B-G) , we concluded that the observed effects both in culture and in xenografts were BRD4 specific.
To further evaluate the role of BRD4 in OV8 cells, we asked whether the specific BET bromodomain inhibitor, JQ1 (20) , affected the proliferation/viability of OV8 (Fig. 3C) . We analyzed cell proliferation in the face of increasing JQ1 concentrations and found that OV8 proliferation in culture was inhibited at concentrations as low as ∼125 nM. By contrast, we detected no effect of the inactive JQ1 enantiomer JQ1-R (Fig. 3D) , showing that proliferation inhibition was due to the bromodomain inhibitory activity of the JQ1 molecule. To test whether the JQ1 effect was mediated by BRD4 inhibition, we performed JQ1 dose-response curves on OV8 after BRD4 depletion (Fig. 3 E-G) . We reasoned that, if JQ1 acts by inhibiting BRD4 function, decreasing the amount of the latter might reduce the concentration of JQ1 needed to produce the same antiproliferative effect. The JQ1 EC 50 was unchanged after transducing two unrelated shRNAs (shA and shB), each of which suppressed proliferation to the same extent as shBRD4 (data not shown). By contrast, on BRD4 depletion with three different shBRD4 species, there was a consistent and significant approximate fourfold reduction of the half maximal effective concentration (EC 50 ) of JQ1 (Fig. 3 F and G) , implying that the action of JQ1 in OV8 is mediated by its effects on BRD4.
Sensitivity to BRD4 Inhibition in Primary Ovarian Cancer Strains (DFs)
Correlates with Either MYCN or c-MYC Overexpression. We generated JQ1 dose-response curves in a set of 20 ovarian cancer primary strains (DFs) mainly derived from HGSOC patients. JQ1 sensitivity varied considerably among these strains (Fig. 4A  and Fig. S3A ). We clustered the DFs based on the maximal inhibitory effect (E max ) observed at 2.5 μM JQ1 into five groups with increasing sensitivity from group 1 (which includes the JQ1 refractory DF strains) to group 5 (which includes the most highly sensitive DFs). Sensitivity to BRD4 inhibition was confirmed after testing two additional BET inhibitors (Fig. S3 B and C) . DF14 and DF37 clustered among the JQ1-sensitive DFs in group 5, consistent with their observed shBRD4 sensitivity (Fig. S4) . In addition, concentrations as low as ∼60 nM JQ1 were sufficient to inhibit their proliferation (Fig. S5 A and B) . As in OV8, no sensitivity was observed with the inactive enantiomer JQ1-R (Fig. S5 C and D) .
We observed that the BRD4 gene was focally amplified in ∼19% of the 559 ovarian cancers available in the TCGA database with BRD4 mRNA levels correlating with its amplification (Fig. S6) . However, no significant correlation was observed in the DF collection between BRD4 mRNA expression and JQ1 sensitivity (Fig. 4B) , suggesting that the pharmacologic role of BRD4 might be defined by factors beyond the amplitude of its RNA expression. Recent reports have associated JQ1 sensitivity with c-MYC expression in AML (21) and multiple myeloma (22) or with MYCN expression in neuroblastoma (23) . We evaluated c-MYC and MYCN expression levels in DFs (Fig. 4 C and D) and observed that the DF strains with the highest levels of c-MYC or MYCN expression both at the mRNA and protein levels (Fig. 4 C-E) were those that were the most JQ1 sensitive. Interestingly, where detected among all DF strains tested, c-MYC and NMYC overexpression were mutually exclusive (Fig. 4F) . This c-MYC/ MYCN anticorrelation was also present in data collected from human HGSOC tumor material in the TCGA database (Fig.  S7A) . These data suggest that prevalent expression of different Myc isoforms might indicate the existence of different biological mechanisms driving proliferation/survival.
We therefore sorted the DF strains on the basis of their prevalent MYC isoform expression. For c-MYC or MYCN, each expression level was converted to a z-score representing the number of standard deviations it differed from the average expression value. MYCN DF strains were defined as those with a MYCN mRNA z-score higher than the corresponding c-MYC zscore, and c-MYC DFs were defined vice versa (Fig. 4F ). In the MYCN population, JQ1 sensitivity strongly correlated with MYCN expression levels (Fig. 4G) , suggesting that MYCN expression may be a strong predictor of JQ1 activity. Correlation of c-MYC expression with JQ1 sensitivity in the c-MYC population was less prominent and not statistically significant (Fig. 4H) . Nonetheless, cMYC DF strains that exhibited the highest levels of c-MYC expression were sensitive to JQ1, although the degree of sensitivity varied. This observation suggests that, in the absence of MYCN, high c-MYC expression might confer increased sensitivity to JQ1 by comparison with non-MYC-overexpressing cells. In this regard, all DF strains with low levels of both c-MYC and MYCN mRNA were refractory or minimally sensitive to JQ1 (respectively, groups 1 and 2 in Fig. 4A ). Of note, two DF strains (DF216 and DF113) in group 4 displayed some sensitivity to JQ1 that was independent of either c-MYC or MYCN high expression, implying that c-MYC or MYCN gene overexpression is not the only reflection of JQ1 sensitivity.
We also found that exposure of JQ1-sensitive DFs to JQ1 led to selective down-regulation of MYCN expression in the MYCN strains and selective down-regulation of c-MYC in the c-MYC strains (Fig. 4 I-K) . We observed no down-regulation of either isoform in the JQ1-refractory strain DF181 (Fig. 4K) . These results were confirmed using two additional BRD4 inhibitors (Fig. S7 B and C) . Moreover, we observed MYCN down-regulation following BRD4 depletion in two MYCN-high strains (Fig.  S4D) . These data suggest that MYC pathway down-regulation plays a role in mediating toxicity following BRD4 inhibition.
Primary-Derived Xenografts That Overproduce Either c-MYC or MYCN
Are Sensitive to BRD4 Inhibition. To further test BRD4 inhibition as a possible therapeutic approach for MYCN-and certain c-MYC-overexpressing ovarian cancers, we evaluated JQ1 antitumor activity in three luciferized ovarian cancer primaryderived xenograft (PDX) models (Fig. 5 ). These models were (i) DF14-Luc, MYCN-high JQ1-sensitive; (ii) DF86-Luc, c-MYChigh, JQ1-sensitive; and (iii) DF181-Luc, cMyc-low, MYCN-low, JQ1-refractory (Fig. 4 A and K) . Each model was injected into the peritoneal cavity of 20 immunocompromised NSG mice; 1 wk after injection, mice were divided into two groups dosed daily with either 50 mg/kg JQ1 intraperitoneally or with vehicle. Tumor growth was measured weekly by bioluminescent imaging (BLI). Western blot analysis confirmed the relative expression levels of MYCN and c-MYC among the DF14-luc, DF86-luc, and DF181-luc PDX models (data not shown). JQ1 treatment was well tolerated by all PDX model-bearing mice. We observed that JQ1 abrogated tumor proliferation only in those tumors expressing high levels of the relevant myc isoform (DF14-Luc and DF86-Luc PDX), whereas no effect was observed in DF181-Luc PDX. These results were consistent with ex vivo observations and validate BRD4 as a potential target for inhibition in certain ovarian cancers.
Discussion
The tumor microenvironment plays a major role in the process of tumor progression (24) . Thus, screens conducted in an in vitro setting may, in some instances, be blind to certain proteins whose function is required for in vivo tumor cell survival. Our pilot screen results suggest that the murine peritoneal or subcutaneous microenvironment did not significantly alter tumor cell dependency on the genes being screened. However, we screened a biased subset of essential genes such as kinases and oncoproteins that are known to have a central role in cell biology. It is possible that, among these categories, the frequency of genes exhibiting a strikingly different outcome when targeted in the two different in vivo environments is lower than 0.5%, i.e., the detection limit. Therefore, a different set of studies may be needed to assess the impact of each microenvironment on in vivo tumor cell viability and proliferation.
Through the use of an in vivo subcutaneous tumor screen, we identified 40 candidate therapeutic target genes, of which 27 were novel and have not been reported previously as putative targets in ovarian cancer. To investigate the therapeutic potential of the candidate genes in a more clinically relevant setting, we used a library of clinically annotated primary ovarian cancer cells (DFs). These cells were derived from ovarian cancer patients' ascites and passaged as nonadherent cultures and/or as mouse xenograft models (PDX). Our work confirmed the expression and proliferation/viability maintenance function of the selected subset of candidate genes identified in the screen in two primary strains (DF14 and DF37), suggesting that the in vivo screening method used was effective in identifying potential targets that will be applicable in clinical ovarian cancer.
Among the novel candidate therapeutic target genes identified, BRD4 has been recently reported to be a gene of interest in several hematological malignancies and solid tumors (20) (21) (22) (23) (25) (26) (27) (28) (29) (30) . Sensitivity to its inhibition in other cancer cell species correlated with high levels of expression of either MYCN or c-MYC (21-23, 25, 26, 28) . Consistently, we found that BRD4 inhibition by the selective BET bromodomain inhibitor, JQ1 (20) , abrogated tumor growth in ovarian PDX models with high-MYCN or c-MYC expression and not in a strain with lower myc expression levels. This observation suggests that BRD4 inhibitors may be of therapeutic interest in a subset of ovarian cancer patients with this molecular phenotype.
Expression profiling of large cohorts of HGSOC tumors have pointed to the existence of four distinct molecular subtypes (3, 31) , which collectively exhibit diverse pathological and clinical features (3, 31, 32) . Notably, a molecular HGSOC subset, i.e., C5, has been defined by high level MYCN expression, which correlates with poor prognosis (32) . Given the close correlation we observed between MYCN expression and JQ1 sensitivity, this group of patients might be a particularly interesting subset of ovarian cancer patients in whom BRD4-directed therapy could be explored. The correlation between c-MYC levels and JQ1 sensitivity was suggested but was also less prominent in our DF samples. However, it would be worth exploring the therapeutic potential of BRD4 inhibition in those patients whose tumors harbor amplification of the c-MYC locus with a corresponding increase in c-MYC expression to supernormal levels (3, 33) .
The primary mechanism through which MYC family protooncogenes acquire oncogenic activity is by overexpression, suggesting that MYCN and c-MYC might be oncogenic drivers in the MYCN-high and c-MYC-high DF strains, respectively. MYCdriven cell proliferation was, indeed, reported to be a hallmark of cancers such as HGSOC that are characterized by elevated copy number changes (34) .
We found that, on JQ1 treatment, there was selective downregulation of the predominant MYC isoform in JQ1-sensitive DFs, consistent with the well-established role of BRD4 in promoting MYCN and c-MYC transcription (21) (22) (23) 35) . Consistently, selectivity of gene down-regulation following BRD4 inhibition has been ascribed to the presence of superenhancer regions, occupied by BRD4, and associated with the transcriptional regulation of key lineage-specific oncogenes and survival genes (36) . Thus, it is possible that JQ1 antitumor activity is mediated, at least in part, by down-regulation of MYC expression through super enhancer functional perturbation (36) .
Moreover, it has recently been reported that BRD4 can be recruited to specific gene sites through interactions with sequence-specific transcription factors (TFs) (29, 30, 37) . Thus, high expression of MYCN and c-MYC in DFs might also reflect the activity of TFs that operate upstream of MYC family genes and that rely on BRD4 interactions to fully promote MYC family transcription.
Further studies will be required to understand in more detail the role of BRD4 in the context of Myc isoform overexpressing primary HGSOC strains. A detailed analysis of the target value of the other genes identified in this screen will also be a future goal.
Materials and Methods
A detailed description of reagents and protocols used in this study can be found in SI Materials and Methods. These methods include the pooled negative-selection in-tumor screen, identification of candidate genes, BRD4 amplification analysis, ovarian cancer primary strains (DFs), and PDX model/ drug efficacy studies.
